Glycogen storage disease type-Ib (GSD-Ib), deficient in the glucose-6-phosphate transporter (G6PT), is characterized by impaired glucose homeostasis, myeloid dysfunction, and long-term risk of hepatocellular adenoma (HCA). We examined the efficacy of G6PT gene therapy in G6ptÀ/À mice using recombinant adeno-associated virus (rAAV) vectors, directed by either the G6PC or the G6PT promoter/enhancer. Both vectors corrected hepatic G6PT deficiency in murine GSD-Ib but the G6PC promoter/enhancer was more efficacious. Over a 78-week study, using dose titration of the rAAV vectors, we showed that G6ptÀ/À mice expressing 3-62% of normal hepatic G6PT activity exhibited a normalized liver phenotype. Two of the 12 mice expressing < 6% of normal hepatic G6PT activity developed HCA. All treated mice were leaner and more sensitive to insulin than wild-type mice. Mice expressing 3-22% of normal hepatic G6PT activity exhibited higher insulin sensitivity than mice expressing 44-62%. The levels of insulin sensitivity correlated with the magnitudes of hepatic carbohydrate response element binding protein signaling activation. In summary, we established the threshold of hepatic G6PT activity required to prevent tumor formation and showed that mice expressing 3-62% of normal hepatic G6PT activity maintained glucose homeostasis and were protected against age-related obesity and insulin resistance.
Introduction
Glycogen storage disease type Ib (GSD-Ib, MIM232220) is caused by a deficiency in the ubiquitously expressed glucose-6-phosphate (G6P) transporter (G6PT or SLC37A4) that translocates G6P from the cytoplasm into the lumen of the endoplasmic reticulum (ER) (1, 2) . Inside the ER, G6P is hydrolyzed to glucose and phosphate by either the liver/kidney/intestinerestricted glucose-6-phosphatase-a (G6Pase-a or G6PC) or the ubiquitously expressed G6Pase-b. The G6PT and G6Pase are functionally co-dependent and form the G6PT/G6Pase complexes. The G6PT/G6Pase-a complex maintains interprandial blood glucose homeostasis. A deficiency of either protein results in an abnormal metabolic phenotype characterized by fasting hypoglycemia, hepatomegaly, nephromegaly, hyperlipidemia, hyperuricemia, lactic acidemia, and growth retardation (1, 2) . The G6PT/G6Pase-b complex maintains neutrophil/macrophage homeostasis and function, and a deficiency of either protein results in neutropenia and myeloid dysfunction (1, 2) . Therefore, GSD-Ib is not only a metabolic but also an immune disorder, characterized by impaired glucose homeostasis, neutropenia, and myeloid dysfunction (1, 2) . Untreated GSD-Ib is juvenile lethal. Strict compliance with dietary therapies (3, 4) along with granulocyte colony-stimulating factor (G-CSF) therapy (5, 6 ) have enabled GSD-Ib patients to attain near normal growth and pubertal development. However, no current therapy is able to address the long-term complication of hepatocellular adenoma (HCA) that develops in 75% of GSD-I patients over 25 years old (1, 2, 7, 8) .
We have generated GSD-Ib (G6ptÀ/À) mice that manifest both the metabolic and myeloid dysfunction characteristic of human GSD-Ib (9) . When left untreated, the G6ptÀ/À mice rarely survive weaning, reflecting the juvenile lethality seen in human patients. We have previously shown that systemic administration of a recombinant adeno-associated virus (rAAV) pseudotype 2/8 vector expressing human (h) G6PT directed by the chicken b-actin (CBA) promoter/CMV enhancer, delivers the hG6PT transgene primarily to the liver (10) . In doing so, it normalizes metabolic abnormalities in murine GSD-Ib (10) . However, of the five treated G6ptÀ/À mice that survived for 51-72 weeks, two (40%) developed multiple HCAs with one undergoing malignant transformation.
Studies have shown that the choice of transgene promoter can impact targeting efficiency, tissue-specific expression, and the level of immune response or tolerance to the therapy (11, 12) . Indeed, for the related disease, GSD-Ia, caused by a deficiency in the G6Pase-a enzyme activity, we have shown that a G6Pase-a-expressing rAAV vector directed by the native 2.8-kb hG6PC promoter/enhancer (GPE) provides sustained correction of metabolic abnormalities in murine GSD-Ia with no evidence of HCA (13, 14) . Moreover, the gluconeogenic tissue-specific GPE does not elicit the humoral response we observed using the CBA promoter/CMV enhancer (15) . For GSD-Ib, we sought to use a similar promoter strategy and compared the hG6PC promoter/ enhancer (GPE) with the minimal hG6PT promoter/enhancer (miGT) consisting of nucleotides -610 to -1 upstream of the þ1 nucleotide of the G6PT coding sequence (16) .
In this study, we examined the safety and efficacy of liverdirected gene therapy in G6ptÀ/À mice using rAAV-GPE-G6PT and rAAV-miGT-G6PT, rAAV8 vectors directed by the human hG6PC and hG6PT promoter/enhancer, respectively. We also examined the threshold of hepatic G6PT activity required to prevent tumor formation. In a 60-78-week study, we showed that while both vectors delivered the hG6PT transgene to the liver and corrected metabolic abnormalities in murine GSD-Ib, the rAAV-GPE-G6PT vector had greater efficacy. By grouping mice according to levels of hepatic G6PT activity restored, we showed that rAAV-treated G6ptÀ/À mice expressing 3-62% of normal hepatic G6PT activity maintained glucose homeostasis, tolerated a long fast, and did not elicit anti-hG6PT antibodies. However, G6ptÀ/À mice with < 6% of normal hepatic G6PT activity restored were at risk of developing hepatic tumors. We also showed that restoration of hepatic G6PT expression up to 62% of wild type activity appeared to confer protection against developing age-related obesity and insulin resistance that is seen in wild-type mice.
Results
rAAV infusion delivers the hG6PT transgene to the liver GSD-Ib mice suffer from frequent hypoglycemic seizures and despite glucose therapy to control hypoglycemia, less than 10% mice survive past weaning (9) . For gene therapy, each vector was administered to G6ptÀ/À mice in two doses, one neonatal and one at age 4 weeks, to both provide early therapy and to allow for the developmental increase in liver mass. Initially, we used two hG6PT-expressing vectors: rAAV-GPE-G6PT, a single-stranded vector directed by the 2.8-kb hG6PC promoter/enhancer (15, 17) and rAAV-GT-G6PT, a single-stranded vector directed by the analogous 1.62 kb hG6PT promoter/enhancer. In contrast to the efficacy seen with rAAV-GPE-G6PT, as described below, rAAV-GT-G6PT infusion failed to sustain the survival of G6ptÀ/À mice, and only 4 of the 40 infused G6ptÀ/À mice survived to age 12 weeks. Following further promoter analysis, we constructed an alternative vector construct, rAAV-miGT-G6PT, directed by the 610-bp hG6PT promoter/enhancer, yielding a doublestranded vector to ensure proper packaging of the rAAV virus. It was also anticipated that this vector construct would also benefit from an increased transduction efficiency (18) which arises from bypassing the rate-limiting conversion of single-stranded to double-stranded vector genomes during transduction (19) . Preliminary experiments showed that the rAAV-GPE-G6PT vector was still more efficacious than the rAAV-miGT-G6PT vector. Accordingly, in this study, we adjusted the dosages of the two vectors administrated to the G6ptÀ/À mice to yield comparable levels of restoration of hepatic G6PT activity.
Since the GSD-Ib mice die young, early therapeutic intervention is required. However, because of the vector dilution that occurs during the rapid growth of transduced neonatal liver, two serial doses were required to treat the mice effectively. For rAAV-GPE-G6PT the first, neonatal dose was 0.7 Â 10 13 viral particles (vp)/kg followed at 4 weeks with a second dose of 2 Â 10 13 vp/kg. These were called "GPE" mice. For rAAV-miGT-G6PT, the first, neonatal dose was 1.4 Â 10 13 vp/kg followed at 4 weeks with a second dose of 4 Â 10 13 vp/kg. These were called "miGT"
mice. Both vectors delivered the hG6PT transgene to the liver of G6ptÀ/À mice and markedly improved their survival. Hepatic microsomes isolated from 6 week-old mice (n ¼ 12 per therapy) had G6P uptake activity of 60% (GPE) and 30% (miGT), respectively of wild-type hepatic G6P uptake activity at 152 6 5 units (or pmole/min/mg) (Fig. 1A) , indicating that the rAAV-GPE-G6PT vector expresses $4 fold more activity than the rAAV-miGT-G6PT vector on a dose (vp/kg) basis. Likewise, the rAAV-GPE-G6PT vector also directed significantly higher levels of hG6PT mRNA expression as compared to the rAAV-miGT-G6PT vector (Fig. 1A) . Notably, both GPE and miGT mice could sustain 24 h of fasting (Fig. 1B) . While the 24-h fasted blood glucose levels of GPE were consistently lower than those of wild-type mice they were not statistically different. Similarly the 24-h fasted blood glucose levels of miGT mice were also lower but still within the normal range of 70 to 100 mg/dl (Fig.  1B) . Both GPE and miGT mice were significantly leaner than their wild-type control littermates (Fig. 1C) . While the liver weights of GPE mice were similar to that of wild-type mice, the liver weights of miGT mice were significantly higher (Fig. 1C) . Because the rAAV-treated mice were leaner, the ratios of liver weight to body weight (LW/BW) in both mouse groups were higher than that of wild-type littermates (Fig. 1C) . GSD-Ib is also characterized by neutropenia and neutrophil dysfunction (1, 2) . We have previously shown that rAAV-CBA/CMV-G6PT infusion corrects neutropenia in G6ptÀ/À mice transiently for 2 weeks (10). In this study, the 6-week-old GPE and miGT mice continued manifesting neutropenia (Fig. 1D ) and neutrophil dysfunction (Fig. 1E ), reflecting most likely the different cellular tropisms of the AAV2/8 serotype. To determine whether a humoral response directed against hG6PT is generated in the infused mice, we performed Western blot analysis using sera obtained from 6-week-old wild-type and rAAV-treated G6ptÀ/À mice mice. A polyclonal anti-hG6PT antibody (20) was used as a positive control. We detected no antibodies against hG6PT in the sera of control, GPE, and miGT mice (Fig. 1F) .
rAAV infusion directs long-term hepatic hG6PT expression
We then examined the dosage of the rAAV vectors required to maintain glucose homeostasis and prevent HCA development in G6ptÀ/À mice over a 78-week study. For the rAAV-GPE-G6PT studies, all neonatal mice (n ¼15) received 0.7 Â 10 13 vp/kg followed at 4 weeks by either 2 Â 10 13 vp/kg (GPE mice, n ¼ 6) or 0.7 Â 10 13 vp/kg (GPE-low mice, n ¼ 9). For the rAAV-miGT-G6PT studies, all neonatal mice received 1.4 Â 10 13 vp/kg neonatally, then 4 Â 10 13 vp/kg at age 4 weeks (miGT mice, n ¼ 15). Hepatic G6PT activity was examined in wild-type and rAAV-treated mice sacrificed after a 24-h fast. For the 60-78 week-old wild-type mice, the mean hepatic microsomal G6P uptake activity was 123 þ/À 6 units (representing 100% normal hepatic G6PT activity). The GPE mice had 44-62% of wild-type hepatic G6PT activity and named G6PT/44-62% mice ( Fig. 2A) . The GPE-low and miGT mice had 3-22% of wild-type hepatic G6PT and named G6PT/3-22% mice ( Fig. 2A) . There was no HCA in any of the 60-78 weekold wild-type or G6PT/44-62% mice ( Fig. 2A) . Among the 24 G6PT/ 3-22% mice, 12 had 5.7% of normal hepatic G6PT activity ( 7 units of microsomal G6P uptake activity). One GPE-low and one miGT mouse with 5.7% and 3.2% of normal hepatic G6P uptake activity, respectively, in the non-tumor liver tissues developed HCA ( Fig. 2A ). This suggests that 5.7% of normal hepatic G6PT activity is on the threshold of HCA formation in GSD-Ib. Hepatic microsomal G6P uptake activity correlated with hepatic hG6PT mRNA expression and the vector genome copy number (Fig. 2B ).
In summary, the rAAV-treated G6ptÀ/À mice with < 6% of normal hepatic G6PT activity restored are at risk of developing HCA. During fasting, blood glucose homeostasis is maintained by hydrolysis of G6P to glucose by the G6PT/G6Pase-a complex in the terminal step of gluconeogenesis and glycogenolysis in the liver (1, 2) . We showed that levels of hepatic G6pc mRNA were increased in all rAAV-treated G6ptÀ/À mice relative to wild-type mice (Fig. 2C ). In parallel, levels of hepatic G6Pase-a enzymatic activity in all rAAV-treated mice were increased 1.4-to 2.7-fold over that of wild-type controls (Fig. 2C) . The G6PT-mediated hepatic microsomal G6P uptake activity is the rate-limiting step in endogenous glucose production (21) but it is co-dependent on G6Pase-a activity (22) . Previously we have shown that hepatic microsomes prepared from GSD-Ia mice which lack G6Pase-a but express wild-type G6PT, exhibit markedly lower G6P uptake activity compared to wild-type hepatic microsomes (22) . That phenotype can be reversed if G6Pase-a activity is restored via gene transfer (23) . In rAAV-treated G6ptÀ/À mice, the increase in hepatic G6Pase-a activity was inversely correlated to hepatic microsomal G6P uptake activity (compare Fig. 2A and C).
rAAV infusion corrects metabolic abnormalities in GSD-Ib GSD-Ib is characterized by hypoglycemia, hyperlipidemia, hyperuricemia, and lactic acidemia (1, 2) . None of the 60-78-weekold rAAV-treated G6ptÀ/À mice suffered from hypoglycemic seizures. The basal blood glucose levels of G6PT/44-62% and wild-type mice were indistinguishable (Fig. 3A) . Despite the ability of the G6PT/3-22% mice to maintain normoglycemia, their basal blood glucose levels were significantly lower than the levels in wild-type mice (Fig. 3A) . Gene therapy normalized serum cholesterol, triglyceride, uric acid, and lactic acid profiles in all treated mice (Fig. 3A) . The average BW and body fat (Fig. 3B ) values of the treated G6ptÀ/À mice were significantly lower than those of their age-matched control mice, suggesting the treated mice were protected against age-related obesity. GSD-Ib is also characterized by hepatomegaly (1,2). The liver to body weight ratios were similar between G6PT/44-62% and wild-type mice, although G6PT/3-22% mice continued manifesting hepatomegaly (Fig. 3C ).
Aside from hepatomegaly and instances of HCA, the hepatic tissue histology was unremarkable, even in the non-tumor regions of the two HCA-bearing mice (Fig. 3D) . One HCA nodule of 1 cm in diameter was identified in a GPE-low mouse expressing 5.7% of normal hepatic G6PT activity, and 4 HCA nodules of 1, 0.7, 0.3, and 0.3 cm in diameter were identified in a miGT mouse expressing 3.2% of normal hepatic G6PT activity. The HCAs were well circumscribed with increased glycogen storage in both HCA and non-HCA tissues (Fig. 3D) . While the 24-h fasted hepatic glycogen contents of G6PT/44-62% and wild-type mice were statistically similar, the G6PT/3-22% mice exhibited marked increases in fasting glycogen storage (Fig. 3D) . The blood glucose tolerance profiles of all treated mice were indistinguishable from those of wild-type littermates (Fig. 3E) .
The fasting blood glucose profiles of G6PT/44-62% and wildtype mice were indistinguishable (Fig. 4A) . The fasting blood glucose profiles of GPE-low and miGT (G6PT/3-22%) mice paralleled those of the control mice but blood glucose levels were consistently lower (Fig. 4A) . In summary, G6ptÀ/À mice expressing more than 3% of normal hepatic G6PT activity no longer suffered from the fasting hypoglycemia characteristic of GSD-Ib.
Biochemical phenotype of the rAAV-treated G6ptÀ/À mice
The G6ptÀ/À mice, lacking a functional G6PT, are incapable of producing endogenous glucose via the G6PT/G6Pase-a complex. All the rAAV-treated G6ptÀ/À mice could tolerate a long fast. Indeed, after 24 h of fasting, hepatic free glucose levels in G6PT/ 3-22% and G6PT/44-62% mice were 58% and 76%, respectively of wild-type hepatic glucose levels (204 6 6 nmole/mg) (Fig. 4B) . Furthermore, all rAAV-treated G6ptÀ/À mice had higher hepatic lactate levels compared to wild-type mice; however, hepatic lactate levels in the G6PT/44-62% mice were significantly lower than those in the G6PT/3-22% mice (Fig. 4C) . While hepatic mice is shown at the indicated ages in weeks (W). The mice were grouped based on the gene construct and viral dosages: GPE (n ¼ 6), GPE-low (n ¼ 9), and miGT (n ¼ 15) mice. Two major subgroups emerge for mice expressing 44-62% (G6PT/44-62%, n ¼ 6) and 3-22% (G6PT/3-22%, n ¼ 24), respectively of normal hepatic G6PT activity. The G6PT/44-62% mice included GPE mice and the G6PT/3-22% mice included GPE-low and miGT mice. Hepatic microsomal G6P uptake activity in 60-78 week-old wildtype mice (n ¼ 30) averaged 123 6 6 units (pmol/min/mg). (B) Hepatic microsomal G6P uptake activity and its relationship to hG6PT mRNA expression and vector genome copy numbers in rAAV-GPE-G6PT-(•, GPE and GPE-low, n ¼ 11-15) and rAAV-miGT-G6PT-(᭺, miGT, n ¼ 15) treated G6ptÀ/À mice. (C) Hepatic G6pc mRNA expression and microsomal G6Pase-a enzymatic activity of 60-78-week-old wide-type (þ/þ, n ¼ 30), G6PT/44-62% (n ¼ 6), and G6PT/3-22% (n ¼ 24) mice. Data represent the mean 6 SEM. *P < 0.05, **P < 0.005. triglyceride contents were similar between G6PT/44-62% and wild-type mice, hepatic triglyceride levels in G6PT/3-22% mice were significantly increased compared to the controls (Fig. 4C) .
Fasting blood insulin levels in the 60-78 week-old wild-type mice were 1.15 6 0.07 ng/ml (Fig. 4D) . The fasting blood insulin levels were significantly lower in all rAAV-treated G6ptÀ/À mice (Fig. 4D ), which were closer to the levels in 10-20 week-old young adult mice than those in the old wild-type mice (24) . The rAAV-treated G6ptÀ/À mice exhibit increased insulin sensitivity and a reduced insulin dose of 0.25 IU/kg was chosen to monitor blood insulin tolerance profiles. Following an intraperitoneal insulin injection, blood glucose levels in the old wild-type failed to decrease (Fig. 4E) , reflecting age-related decrease in insulin sensitivity (25) . While all treated mice exhibited increased insulin sensitivity as compared to wild-type mice, the increase in insulin sensitivity was more pronounced in the G6PT/3-22% mice (Fig. 4E) . Western-blot analysis again showed that antibodies against hG6PT were not detected in the sera of 60-78-week-old control and rAAV-treated G6ptÀ/À mice (Fig. 4F) .
Activation of hepatic ChREBP signaling
Studies have shown that mice over-expressing hepatic carbohydrate response element binding protein (ChREBP) exhibit improved glucose tolerance compared to controls (26) . We have shown that activation of ChREBP signaling is one pathway that protects the rAAV-treated GSD-Ia mice from developing agerelated insulin resistance (14) . The ChREBP signaling can be activated by G6P, which promotes ChREBP nuclear translocation (27) . In this study of rAAV-treated G6ptÀ/À mice, hepatic levels of G6P in G6PT/3-22% and G6PT/44-62% mice were 3.1-and 1.9-fold, respectively higher than the control mice (Fig. 5A ). This was accompanied by increased hepatic Chrebp transcripts in all rAAV-treated G6ptÀ/À mice (Fig. 5B) . Compared to wild-type mice, hepatic nuclear ChREBP protein contents were markedly increased in G6PT/3-22% mice but the increase in hepatic nuclear ChREBP protein contents was not statistically significant in G6PT/44-62% mice (Fig. 5C) . Consistently, levels of mRNA and protein of ChREBP-regulated hepatic genes (26, 27) , acetyl-CoA carboxylase isoform-1 (ACC1), fatty acid synthase (FASN), stearoyl-CoA desaturase 1 (SCD1) were markedly increased in the G6PT/3-22% mice but only moderately and inconsistently increased in the G6PT/44-62% mice ( Fig. 5D and E) .
Studies have shown that mice overexpressing hepatic ChREBP along with increased SCD1 exhibit improved insulin signaling that correlates with phosphorylation and activation of protein kinase B/Akt (26) . We showed that hepatic Akt mRNA and total Akt protein were similar between wild-type and rAAVtreated G6ptÀ/À mice (Fig. 6A ). In parallel with the increase in hepatic levels of nuclear translocation of ChREBP protein, hepatic levels of the active, phosphorylated forms of Akt (28), pAkt-S473 and p-Akt-T308, were statistically similar between the wild-type and G6PT/44-62% mice. However for the G6PT/3-22% mice, while the Akt protein levels remained wild-type, p-Akt-S473 and p-Akt-T308, were 2.1-and 1.5-fold higher, respectively (Fig. 6A) .
Fibroblast growth factor 21 (FGF21) is a major regulator of energy homeostasis and insulin sensitivity (29) and is a target of ChREBP (30) . The administration of FGF21 reverses hepatic steatosis, counteracts obesity, and alleviates insulin resistance in both rodents and nonhuman primates (29) . Again, consistent with the increase in hepatic levels of nuclear translocation of ChREBP protein, hepatic levels of FGF21 transcript and protein were markedly higher only in G6PT/3-22% mice, compared to the controls (Fig. 6B ).
Discussion
Previous gene therapy studies have shown that an hG6PT-expressing rAAV2/8 vector directed by the CBA promoter/CMV enhancer delivered the transgene to the liver and achieved metabolic correction in murine GSD-Ib (10) . While that study showed promise, hepatic G6PT activities restored in the 52-72-week-old G6ptÀ/À mice were low, averaging $3% of normal hepatic G6PT activity, and 2 of the 5 transduced mice developed multiple HCAs with one undergoing malignant transformation (10) . Previous studies in hepatic disease have also shown that the use of tissue-specific promoter/enhancer elements can improve expression efficiency and reduce the level of immune response that reduces long-term transgene expression (11, 12) . Indeed, we have shown that the gluconeogenic tissue-specific hG6PC promoter/enhancer is significantly more effective than CBA/CMA in directing persistent hepatic G6Pase-a expression in murine GSD-Ia and that an inflammatory immune response elicited by the vector containing the CBA/CMA elements reduced hepatic transgene expression (15) . In this study, we used tissuespecific promoter/enhancer and compared the efficacy of rAAV-GPE-G6PT, a single-stranded rAAV vector directed by the hG6PC promoter/enhancer (GPE) (13-15) or rAAV-miGT-G6PT, a doublestranded rAAV vector directed by the native hG6PT promoter/ enhancer (miGT) (16) . While both vectors directed persistent hepatic hG6PT expression, the vector using the hG6PC promoter/ enhancer was $ 4 fold more efficient in transgene expression, on a dose basis, than the vector using the hG6PT promoter/enhancer. We showed that the rAAV-treated G6ptÀ/À mice expressing 3-62% of normal hepatic G6PT activity grew normally for up to 78 weeks, displayed a normalized metabolic phenotype, had no detectable anti-hG6PT antibodies, and were protected against age-related obesity and insulin resistance. Significantly, we showed that G6ptÀ/À mice with < 6% of normal hepatic G6PT activity restored were at risk of developing hepatic tumors, establishing the threshold of hepatic G6PT activity required to prevent tumor formation.
In contrast to GSD-Ib patients (1,2) and G6pt knock-out mice (9) , which cannot tolerate a short fast, the mice expressing 3-62% of normal hepatic G6PT activity could sustain 24 h of fasting. The hydrolysis of cytoplasmic G6P depends upon the functional co-dependence of G6PT and G6Pase-a in the G6PT/G6Pase-a complex (1) . In gene therapy studies of murine GSD-Ia lacking G6Pase-a, we have shown that when 3-63% of normal hepatic G6Pase-a activity was reconstituted, the levels of hepatic G6PT mRNA became elevated 2.2-fold over wild-type (13) . We have proposed that this represents a feedback response which attempts to increase the amount of rate limiting G6PT protein to offset the lower G6Pase-a activity. In line with those observations, we now showed a 1.4-to 2.8-fold increase in G6Pase-a expression when G6PT activity was reconstituted to 44-62% and 3-22%, respectively of normal hepatic G6PT activity. The treated GSD-Ib mice produced hepatic endogenous glucose averaging 58% to 76% of control littermates, enabling them to maintain glucose homeostasis during prolonged fasts. Therefore, there appears to be a functional feedback mechanism in which the expression levels of G6Pase-a and G6PT are regulated such that a decrease in one is offset by an increase in the other. This partially compensates for the overall decrease in the G6PT/G6Pase-a complex that occurs in type I GSDs. This extends our understanding of the nature of functional codependence of the two components of the G6PT/G6Pase-a complex that maintains interprandial blood glucose homeostasis.
In rAAV-treated GSD-Ia mice, we have shown that G6Pase-a is distributed unevenly in the liver, with many hepatocytes exhibiting minimal activity, but with some foci containing markedly higher levels of activity (13) . Presently, we are unable to analyze G6PT expression in liver tissues by immunohistochemistry. However, it is likely that a similar mosaic pattern of G6PT expression will be seen in rAAV-treated G6ptÀ/À mice and a substantial proportion of hepatocytes will harbor little or no G6PT. Our data suggest that a uniform hepatic G6PT expression is not required for rescuing the GSD-Ib phenotype. The fact that only 2 of the 12 rAAV-treated G6ptÀ/À mice expressing < 6% of normal hepatic G6PT activity developed HCA, suggests that additional alterations associated with G6PT deficiency contribute to HCA formation. Studies have shown that autophagydeficient mice develop HCA (31) . We have recently shown that G6Pase-a deficiency leads to defective autophagy in the liver (32) . Future study should focus on whether hepatic G6PT deficiency will lead to defective autophagy and the mechanism underlying HCA development in GSD-Ib.
The abnormal metabolic liver phenotype of GSD-Ib is characterized by fasting hypoglycemia, hepatomegaly, hyperlipidemia, hyperuricemia, and lactic acidemia (1,2) . The G6PT/3-22% mice exhibited a normalized metabolic liver phenotype but continued exhibiting hepatomegaly. They also had increased hepatic glycogen and triglyceride contents along with reduced basal and 24-h fasted blood glucose levels. On the other hand, the G6PT/44-62% mice exhibited a metabolic liver phenotype indistinguishable from that of the wild-type mice, including normal levels of blood glucose and metabolites, normal levels of hepatic glycogen and triglyceride, normal LW/BW, and normal glucose tolerance and fasting glucose tolerance profiles. However, unlike wild-type mice that gain fat and lose insulin sensitivity with age, all treated mice were protected against age-related obesity and insulin resistance, although GSD-Ib mice with 3-22% reconstituted hepatic G6PT activity were more insulin Figure 5 . Analysis of hepatic ChREBP signaling in 60-78-week-old wild-type and rAAV-treated G6ptÀ/À mice. For quantitative RT-PCR and hepatic G6P levels, the data represent the mean 6 SEM for 60-78-week-old wild-type (n ¼ 30), G6PT/44-62% (n ¼ 6), and G6PT/3-22% (GPE-low, n ¼ 9 and miGT, n ¼ 15) mice. (A) Hepatic G6P levels. sensitive than the mice with 44-62% of reconstituted hepatic G6PT activity.
Studies have shown that mice overexpressing hepatic ChREBP exhibit improved glucose and lipid metabolism resulting from Akt activation and an increase in the expression of SCD1 that converts saturated fatty acids into the beneficial mono-unsaturated fatty acids (26, 33) . Moreover, FGF21 that improves insulin sensitivity, ameliorates hepatic steatosis and enhances energy expenditure (29) is a target of ChREBP (30) . We showed that hepatic ChREBP signaling is activated in the 60-78-week-old G6PT/3-22% mice, evident by increased nuclear translocation of ChREBP proteins, along with increased levels of FGF21, SCD1, the active p-Akt-S473 and p-Akt-T308, providing one underlying mechanism for the improved metabolic phenotype of the G6PT/3-22% mice. GSD-Ib is an autosomal recessive disorder. It is therefore not surprising that the G6PT/44-62% mice displayed a metabolic liver phenotype indistinguishable from that of wild-type mice. Indeed, ChREBP signaling in G6PT/ 44-62% and wild-type mice appeared to be similar. Supporting this, the components of the ChREBP signaling pathways, including nuclear translocated ChREBP proteins, activated forms of Akt, and levels of SCD1 and FGF21 were statistically similar between G6PT/44-62% and wild-type mice. This may explain the reduced insulin sensitivity of these mice, compared to G6PT/3-22% mice expressing lower levels of normal hepatic G6PT activity. Our results suggest that semi-optimal levels of hepatic G6PT activity might be beneficial. This reflects a similar observation seen in the GSD-Ia mice (14) and perhaps not surprising given the link between increases in hepatic G6Pase-a/G6PT activity and diabetes (34, 35) .
To develop therapeutic approaches for future clinical translation, a gene therapy strategy needs to consider practical vector designs to reduce genotoxicity. We selected rAAV as the gene delivery vector instead of the integrating retrovirus and lentivirus vectors because of the potential genotoxicity of insertional mutagenesis associated with the integrating vectors (36) . Moreover, the episomal rAAV vectors are considered nonpathogenic and have demonstrated efficacy in clinical trials (37) . We have also employed tissue-specific promoter/enhancer to potentially improve expression efficiency and decrease the level of immune response. However, studies have shown that insertional mutagenesis can also be associated with rAAV-mediated gene delivery. Using a murine model of b-glucuronidase deficiency treated neonatally with a rAAV vector, Donsante et al. have documented an increased rate of HCC formation (38) . This was recently confirmed and extensively characterized by Chandler et al. (39) . Following therapeutic rAAV gene delivery, Chandler et al. showed that insertional mutagenesis into the Rian (RNA imprinted and accumulated in nucleus) locus is associated with HCC development (39) . The authors further showed that the AAV-mediated insertional mutagenesis and subsequent genotoxicity are influenced by the vector serotype and dose, choice of promoter/enhancer, the age of treatment, and the genome species. Therefore, future clinical trial designs should take into consideration of all factors that affect genotoxicity associated with the rAAV-mediated gene delivery.
In summary, we have demonstrated that G6ptÀ/À mice receiving G6PT gene therapy titrated to express at least 3% of normal hepatic G6PT activity maintain glucose homeostasis and are protected against age-related insulin resistance and obesity. We further show that one underlying mechanism responsible for the beneficial metabolic phenotype of the treated mice arises from activation of hepatic ChREBP signaling pathway. We also show that hepatocytes harboring less than 6% of normal hepatic G6PT activity are at risk of HCA development. Our study suggests that full restoration of normal G6PT activity will not be required to confer significant therapeutic benefits in liver-directed gene therapy for the metabolic disease in murine GSD-Ib. However, the liver-directed gene therapy does not correct myeloid and renal dysfunction in GSD-Ib. Recently, Rocca et al. have shown that rAAV2/9 kidney transduction could be improved using a retrograde renal vein injection of the virus in mice (40) . While this may hold future promise for metabolic correction for GSD-Ib, neither vector targets hematopoietic stem cells effectively. Identification of viral serotypes that effectively transduce all affected tissue types remains one avenue to be explored further.
Materials and Methods

Construction of rAAV vectors and infusion of G6ptÀ/À mice
The pTR-GPE-G6PT plasmid, containing hG6PT under the control of the 2.8-kb hG6PC promoter/enhancer was constructed by replacing hG6PC at 5'-SbfI and 3'NotI sites in pTR-GPE-G6PC (15) with the hG6PT cDNA at 5'-NsiI and 3'NotI sites. The pTR-miGT-G6PT plasmid, containing hG6PT under the control of the hG6PT minimal promoter/enhancer was constructed by replacing GPE at 5'-KpnI and 3'HindIII sites in pTR-GPE-G6PT with the miGT at 5'-KpnI and 3'HindIII sites. Both plasmids were verified by DNA sequencing. The rAAV-GPE-G6PT and rAAV-miGT-G6PT vectors were produced at the University of Florida Powell Gene Therapy Center Vector Core Laboratory. All animal studies were conducted under an animal protocol approved by the Eunice Kennedy Shriver National Institute of Child Health and Human Development Animal Care and Use Committee. For gene therapy, each vector was administered to the G6ptÀ/À mice in two doses -neonatally via the temporal vein and age 4 weeks via the retro-orbital sinus. Age-matched G6ptþ/þ/G6ptþ/-mice with indistinguishable phenotype were used as controls (referred collectively as wild-type or control mice).
Microsomal G6P uptake and phosphohydrolase assays
Microsomal preparations, G6P uptake and phosphohydrolase measurements were performed as described previously (9, 22) . In G6P uptake assays, microsomes isolated from liver were incubated for 3 min at 30 C in a reaction mixture (100 ll) containing 50 mM sodium cacodylate buffer, pH 6.5, 250 mM sucrose, and 0.2 mM [U-14 C]G6P (50 lCi/lmol, American Radiolabeled Chemicals, St Louis, MO, USA). The reaction was stopped by filtering through a nitrocellulose membrane (Millipore, Billerica, MA). Microsomes permeabilized with 0.2% deoxycholate, to abolish G6P uptake, were used as negative controls. One unit of G6PT activity represents the uptake of one pmol G6P per minute per mg microsomal protein.
In phosphohydrolase assays, reaction mixtures (50 ll) containing 50 mM sodium cacodylate buffer, pH 6.5, 2 mM EDTA, 10 mM G6P, and appropriate amounts of microsomal preparations were incubated at 30 C for 10 min. Disrupted microsomal membranes were prepared by incubating intact membranes in 0.2% deoxycholate for 20 min at 4 C. Non-specific phosphatase activity was estimated by pre-incubating disrupted microsomal preparations at pH 5 for 10 min at 37 C to inactivate the acid labile G6Pase-a.
Flow cytometry and functional analysis of bone marrow neutrophils
Heparinized mouse peripheral blood cells were erythrocytedepleted and fixed in Lysis/Fix buffer (BD Biosciences, San Jose, CA, USA). The resulting leukocytes were stained with a FITCconjugated mouse monoclonal Gr-1 antibody (eBiosciences, San Diego, CA, USA) and a PE-conjugated CD11b antibody (eBiosciences), and analyzed by flow cytometry using a Guava EasyCyte Mini System (Millipore). Bone marrow cells were isolated from the femurs and tibiae of 6-week-old wild-type and rAAV-treated G6ptÀ/À mice, and neutrophils were purified from the bone marrow cells using the MACS separation columns system (Miltenyi Biotec, San Diego, CA, USA) with Gr-1 MicroBead Kit (Miltenyi Biotec). The respiratory burst of bone marrow neutrophils was monitored by luminal-amplified chemiluminescence using the LumiMax Superoxide Anion Detection kit (Agilent Technologies, Santa Clara, CA, USA) and Victor Light 1420 Luminescence counter (PerkinElmer Life & Analytical Sciences, American Fork, UT, USA) as described previously (41) . Neutrophils in LumiMax SOA assay medium were activated with 200 ng/ml of phorbol myristate acetate (PMA) (Sigma-Aldrich, St. Louis, MO, USA). The calcium flux of bone marrow neutrophils in response to 10 À6 M f-Met-Leu-Phe (fMLP) (Sigma-Aldrich) was measured using the FLIPER calcium 3 assay kit component A (Molecular Devices, Sunnyvale, CA, USA) and analyzed in a Flexstation II Fluorimeter (Molecular Devices) set at 37 C as described previously (41).
Phenotype analysis
Body composition was assessed using the Bruker minispec NMR analyzer (Karlsruhe, Germany). The presence of HCA nodules in mice was confirmed by histological analysis of liver biopsy samples, using 5 or more separate sections per liver. Blood levels of glucose, cholesterol, triglyceride, lactate, and urate along with hepatic levels of glucose, triglyceride, lactate, and G6P were determined as described previously (13, 14) . Glucose tolerance testing of mice consisted of fasting for 6 h, prior to blood sampling, followed by intraperitoneal injection of a glucose solution at 2 mg/g body weight, and repeated blood sampling via the tail vein for 2 h (13). Insulin tolerance testing of mice consisted of a 4-h fast, prior to blood sampling, followed by intraperitoneal injection of insulin at 0.25 IU/kg, and repeated blood sampling via the tail vein for 1 h (14).
Quantitative real-time RT-PCR and western-blot analysis
